1. The effects of predator assemblages on herbivores are predicted to depend critically on predator-predator interactions and the extent to which predators partition prey resources. The role of prey heterogeneity in generating such multiple predator effects has received limited attention.
| INTRODUCTION
Understanding the trophic dynamics of multiple types of predators in the same community is an important challenge in ecology (Sih, Englund, & Wooster, 1998) . Because most prey species face depredation from multiple predator species, considering the combined effects of predator assemblages is critical to understanding top-down control of prey, including biological control of pests (Cardinale, Harvey, Gross, & Ives, 2003; Griffen, 2006; Letourneau, Jedlicka, Bothwell, & Moreno, 2009; Straub, Finke, & Snyder, 2008) . Several factors are predicted to influence the strength of such multiple predator effects (MPEs). For example, intraguild predation (Finke & Denno, 2005; Polis, 1991; Polis & Strong, 1996; Rosenheim, 1998) and interference competition among predators (Schmitz, 2007) are predicted to generate antagonistic MPEs, such that the combined effect of multiple predators is weaker than that predicted based on their individual effects.
By contrast, functional complementarity among predators via prey- (Casula, Wilby, & Thomas, 2006; Ives, Cardinale, & Snyder, 2005) and microhabitat-partitioning (Losey & Denno, 1998; Schmitz, 2007 ) is predicted to generate MPEs that are additive or synergistic (greater combined effect than sum of individual effects). The determinants of antagonistic, additive and synergistic MPEs are likely to depend critically upon prey traits, and heterogeneity in those traits (Ives et al., 2005) . Nevertheless, most studies on MPEs have focused on predator traits and with respect to MPEs on individual prey species, whereas real communities typically involve assemblages of predator species attacking assemblages of prey species. Accordingly, relatively little is known about how trait heterogeneity in the prey community structures top-down control from predator assemblages.
Insectivorous vertebrates and arthropods constitute two codominant predator assemblages in many ecosystems, so understanding the emergent properties of their joint effects on insect herbivores is important for testing theory on MPEs as well as for managing control of insect herbivores. A meta-analysis of terrestrial studies found that vertebrate (e.g. birds, bats and lizards) and arthropod (e.g. ants and spiders) predators each reduce insect herbivore density, while vertebrate predators also reduce arthropod predator density . But few studies have factorially manipulated vertebrate and arthropod predators to characterize their MPEs (but see Mooney, 2007; Spiller & Schoener, 1994) , and none have investigated how prey traits, and heterogeneity in prey traits, mediate such outcomes.
Nevertheless, several studies offer predictions for these dynamics.
On the one hand, competition for a shared prey base, intraguild predation and interference competition can be strong (Aho, Kuitunen, Suhonen, Jäntti, & Hakkari, 1999; Haemig, 1992 Haemig, , 1994 Haemig, , 1996 , as both vertebrate and arthropod predators frequently employ active foraging modes (sensu Schmitz, 2007) with overlapping foraging in time and space. Similarly, vertebrate and arthropod predators may opportunistically depredate the same subset of the prey community (Floyd, 1996; Piñol et al., 2010) . On the other hand, additional factors may work to produce functional complementarity through additive or synergistic MPEs, thus strengthening top-down control. The relative unpalatability of some predatory arthropods (e.g. ants) may reduce or eliminate predation by most vertebrates (Hölldobler & Wilson, 1990) , thus reducing intraguild predation. With respect to prey traits, the differing body sizes of insectivorous vertebrates and arthropods may lead them to forage in distinct microhabitats or on different prey species, potentially reducing competition and intraguild predation (Schoener, 1989; Spiller & Schoener, 1994) .
In this study, we use a factorial manipulation of insectivorous birds and ants to characterize their MPEs with a focus on two insect herbivore traits-body size and diet breadth-that may play a central role in mediating these dynamics. Specifically, we measured bird and ant effects on an assemblage of lepidopteran larvae (caterpillars) feeding upon eight different tree species. Prey body size is a long-studied trait with respect to predation (Elton, 1927) , with smaller predators being restricted to smaller prey and larger predators preferring larger prey (e.g. Petchey, Beckerman, Riede, & Warren, 2008; Sinclair, Mduma, & Brashares, 2003) . Accordingly, body size-dependent predation by vertebrate and arthropod insectivores (Remmel, Davison, & Tammaru, 2011 ) may reduce competition and strengthen top-down control if vertebrates and arthropods preferentially consume small and large prey respectively. Herbivore diet breadth is recognized to mediate interactions with predators as well (Bernays, 1998) . For example, birds (Singer et al., 2014) and ants (Bernays & Cornelius, 1989; Dyer, 1995) have each been shown to have especially strong predatory effects on dietary generalist caterpillars (i.e. with a broad diet breadth, feeding on many host plants), suggesting the potential for increased competition and antagonistic MPEs for this subset of the prey community.
However, the superiority of anti-predator defences associated with dietary specialization in caterpillars might depend on the defensive mechanism. For example, the effectiveness of superior camouflage by dietary specialists against visually oriented birds (Singer et al., 2014) might not be effective against ants, which tend to be less visually oriented and more responsive to chemical defences of prey (e.g. Bernays & Cornelius, 1989; Dyer, 1995) . These differences in dominant sensory modalities between vertebrates and arthropods suggest that prey partitioning might occur based on herbivore diet breadth when visual and chemical defences are not linked (i.e. no aposematism).
We specifically address three questions: (1) Do birds and ants engage in antagonistic predator-predator interactions, with birds directly reducing ant density? (2) Does caterpillar variation in body size or diet
competition, food web, functional complementarity, insect herbivores, interference, intraguild predation, multiple predator effects, prey suppression, resource partitioning, tritrophic interactions breadth mediate MPEs by providing axes of prey partitioning (reducing competition among predators) or by concentrating predatory effects on a subset of the community (increasing competition among predators)? and (3) how do predator-predator interactions, competition and prey partitioning manifest with respect to overall herbivore suppression in this forest community? In addressing these questions, this study provides insight into the determinants of top-down control by two co-dominant groups of predators at a community scale.
| MATERIALS AND METHODS

| Study system
Our study system encompassed a large spatial scale and multiple tree taxa to include multiple home ranges ) and large habitat domains (Schmitz, 2007) of vertebrate insectivores as well as to increase our ability to detect MPEs of birds and ants (Griffin, Byrnes, & Cardinale, 2013) , which both forage abundantly and actively (sensu Schmitz, 2007) and Quercus rubra L. (northern red oak, Fagaceae). The caterpillar assemblage included at least 68 spp. in nine families, with species ranging in diet breadth from those feeding on all to one of the tree taxa studied (Singer, Farkas, Skorik, & Mooney, 2012; Singer et al., 2014) .
Among the many foliage-gleaning insectivorous birds in this community, the most abundant species were ovenbird (Seiurus aurocapillus 
| Predator-exclusion field experiment
In May-July of 2010 and 2011, a predator-exclusion field experiment was performed at each of the field sites described above. The design was a factorial exclusion of birds and ants (i.e. bird exclusion, ant exclusion, dual exclusion and control) using individual saplings or sapling-sized tree branches as the experimental unit. Bird exclusion saplings or branches were bagged with nylon mesh (Lichter-Marck et al., 2015; Singer et al., 2012 Singer et al., , 2014 , and ant exclusion branches had a 6-to 8-cm-wide ring of sticky resin (Tanglefoot, Contech Enterprises, Vancouver, British Columbia, Canada) at the base, while control branches were unmanipulated. Multiple treatments of the same replicate were applied to sets of closely situated branches, either occurring on the same individual tree (whenever possible) or using nearby trees of similar size, light exposure, and with branches of similar size and leaf number. Each block was an area of forest <1 ha that contained treated and control branches of each tree species. In 2010, three of the six spatial blocks at each field site did not include the ant exclusion treatments (hereafter "half-blocks"), while in 2011, only two of the six spatial blocks were half-blocks.
The initiation of treatments and sampling was staggered over a 3-week period, with two blocks initiated per site each week beginning in the second week of May. The pairs of blocks consisted of one factorial block and one half-block, except in weeks 3 and 6 of 2011, when pairs consisted of two full factorial blocks. We began sampling in the first week of June such that each experimental branch was sampled both 3 and 6 weeks after treatment initiation. We sampled during daylight hours by beating branches and recorded the num- Caterpillars were reared on leaves of the tree species on which they were found. Most caterpillars ≥1.0 cm could be identified from field guides (Wagner, 2005; Wagner, Ferguson, McCabe, & Reardon, 2002; Wagner, Schweitzer, Sullivan, & Reardon, 2011) , but identification of some species required rearing to adults. Caterpillars were assigned to diet breadth categories, with dietary specialists being species that feed on a single host-plant family, and dietary generalists being those observed feeding on more than one plant family (Singer et al., 2014) . To estimate caterpillar density per experimental branch, the number of caterpillars was divided by the total leaf area per experimental branch, the latter estimated as the number of leaves per branch (counted in the first week of July) multiplied by the average leaf area per tree species per site (Singer et al., 2012) .
| Data analysis
Four analyses were conducted to assess the individual and interactive effects of birds and ants. First, treatment effects on ant density (number of ants per m 2 foliage) were tested to document the efficacy of our treatment and whether birds directly reduced ant density.
Second, treatment effects on mean caterpillar body length per experimental branch were tested to assess whether birds and ants partition caterpillars based on body size. In this analysis, size-independent predation would not affect mean caterpillar body size. In contrast, i.e. across both dietary groups and including unidentified caterpillars <1.0 cm and identified caterpillars ≥1.0 cm), were tested to assess the effects of prey partitioning on overall herbivore suppression.
In all analyses, the response variables were modelled as dependent upon bird and ant exclusion treatments and their two-way interaction, tree species and year (as fixed effects) and site and block within site (as random effects). While variation due to tree species and year was accounted for in these models, interactions between these factors and our experimental treatments were not tested because they served exclusively as sources of replication for our tests of these particular hypotheses. Analyses of ant density, caterpillar density and mean caterpillar length were conducted with the MIXED procedure in SAS 9.2 (SAS Institute, 2010), while effects on caterpillar diet breadth (presence vs. absence for each diet breadth group) were conducted with the GLIMMIX procedure in SAS 9.2 (SAS Institute, 2010) specifying a binomial distribution. In each case, the two replicate samples taken within the same year (i.e. at 3 and 6 weeks) were pooled. To pool ant density, caterpillar density and mean caterpillar length, these variables were first calculated separately for each sampling period and then averaged. To pool the presence vs. absence of dietary specialist and generalist caterpillars, the diet breadth group was treated as present if it occurred in either sampling period within a year. Ant density and caterpillar density were log-transformed to achieve normality of residuals and to test for the interactive effects of birds and ants on density of potential prey against a multiplicative null model (Sih et al., 1998) .
In total, 912 experimental branches were studied (see above), but sample sizes varied based upon the unequal distribution of treatments, exclusion criteria (i.e. caterpillars could only be assigned to dietary groups if they could be identified to species), and loss of branches due to treefall or experimental error (e.g. number of leaves not counted so insect density could not be estimated). Sample sizes 
| RESULTS
Ant exclusion reduced ant density by 60% across tree species, with control and exclusion densities being 2.46 ± 0.15 and 1.01 ± 0.11 ants × m −2 foliage (M ± 1 SEM) respectively (Table 1; Figure 1 ). Bird exclusion had no effect on ant density (Table 1 ; Figure 1 ).
Assessing the effects of birds and ants on all caterpillars (i.e. across both dietary groups and including unidentified caterpillars <1.0 cm and identified caterpillars ≥1.0 cm), the two predator groups had opposing effects on mean caterpillar body length and their effects were additive (i.e. no significant bird-by-ant treatment interaction; Table 1 Birds reduced the proportion of branches with dietary generalist caterpillars by 24%, ants had no effect, and their combined effects were additive (i.e. no significant bird-by-ant treatment interaction; Table 1 ; Figure 3 ). In contrast, ants reduced the proportion of branches with dietary specialists by 19%, and birds had no effect (Table 1; Figure 3 ). (Figure 1 ).
T A B L E 1 Results of statistical analyses for individual and interactive effects of birds and ants
F I G U R E 1
Individual and combined effects of bird exclusion and ant exclusion on ant density. M ± SE ant density is shown in treatments of (left to right) dual exclusion, bird exclusion, ant exclusion and control. Text in the lower right corner indicates significant treatment effects as shown in Table 1 F I G U R E 2 Individual and combined effects of bird exclusion and ant exclusion on caterpillar body length. M ± SE body length is shown in treatments of (left to right) dual exclusion, bird exclusion, ant exclusion and control. Text in the lower right corner indicates significant treatment effects as shown in Table 1 F I G U R E 3 Individual and combined effects of bird exclusion and ant exclusion on the % of branches with one or more dietary generalist (top) or dietary specialist (bottom) caterpillars. % of branches is shown in treatments of (left to right) dual exclusion, bird exclusion, ant exclusion and control. Text in the lower right corner indicates significant treatment effects as shown in Table 1 
| DISCUSSION
Our results show herbivore heterogeneity with respect to body size and diet breadth led to prey partitioning and additive MPEs between birds and ants. Birds did not affect ant abundance, indicating weak antagonistic predator-predator interactions (e.g. intraguild predation and interference competition). Birds selectively preyed upon larger bodied prey with broader diet breadths, while ants selectively preyed upon smaller bodied prey with narrower diet breadths. These findings indicate that functional complementarity due to predator partitioning of the caterpillar community scales up to result in additive effects of birds and ants on total herbivore abundance. Despite the proposed ubiquity of prey partitioning in natural communities (Chesson, 2000; Poisot, Mouquet, & Gravel, 2013) , this study provides rare empirical support for such dynamics Ives et al., 2005) at the level of predator assemblages (e.g. Brown & Davidson, 1977 ) with respect to two fundamental axes of trait variation in herbivore communities, and documents its consequences as a driver of top-down control.
In the light of our results, we review the small body of literature of MPEs of vertebrate and invertebrate predator groups on insect herbivores, showing that such MPEs vary from additivity to antagonism in an ecologically dynamic manner. For example, MPEs of birds and predatory arthropods on Larrea tridentata (creosotebush) herbivores changed from additive to antagonistic in subsequent years, and this change was hypothesized to be attributed to interannual variation in the strength of competition or intraguild predation (Floyd, 1996) .
Showing how combined effects of multiple predators can vary within a single Pinus ponderosa community, Mooney and colleagues found additive MPEs of birds and ants for their shared prey (sap-feeding herbivores not tended by ants), but antagonistic MPEs for ant-tended aphids due to predator-predator interactions (Mooney, 2006 (Mooney, , 2007 Mooney & Mandal, 2010) . In a remarkably comprehensive study of predation of Epirrita autumnata caterpillars in Finland, Tanhuanpää, Ruohomäki, and Uusipaikka (2001) showed that MPEs of birds and ants varied by year. Although birds had consistently strong predation effects in both years, ant predation effects varied from none (year 1) to significant only when birds were excluded (year 2). Therefore, MPEs were additive in year 1 and antagonistic in year 2. Piñol et al. (2010) found additive (independent) effects of birds and ants over 2 years in Mediterranean citrus groves because ants alone suppressed arthropod prey. Conversely, the pioneering study by Spiller and Schoener (1994) found independent effects of vertebrate (lizards) and arthropod (spiders) predators because lizards alone suppressed herbivorous insects on plants. We hypothesize that the ecologically dynamic variation between additivity and antagonism reflects variation in the degree of resource partitioning (functional complementarity) vs. intraguild predation and interference competition between vertebrate and invertebrate predators in terrestrial communities.
Size-based partitioning of herbivores by predatory vertebrates and arthropods may provide a common mechanism for functional complementarity by reducing exploitation competition and strengthening top-down control (Petchey et al., 2008) . We show opposing effects of birds and ants on caterpillar body size, demonstrating size-based prey partitioning in this system. These results are consistent with a broader review of body size-dependent predation of caterpillars, which showed a general pattern of bird predation biased towards large caterpillars and invertebrate predation (mostly by ants) biased towards small caterpillars (Remmel et al., 2011) . Additional studies on ant predation of caterpillars in similar communities to ours show their inability to take large prey (e.g. Tilman, 1978; Weseloh, 1989) . The strongest evidence for avian preference for large caterpillars comes from manipulative experiments in which researchers exposed artificial caterpillars of various sizes to wild birds (Remmel & Tammaru, 2009) , thus isolating the effects of prey body size from other possible confounding factors, although other studies of real caterpillars frequently show similar effects (e.g. Tanhuanpää et al., 2001 ).
The most novel finding of this study-multiple predator groups partitioning herbivorous prey according to herbivore diet breadth-is also likely to reduce predator competition and strengthen top-down control. The strong avian predation biased towards dietary generalist caterpillars has been demonstrated previously in this study system and attributed to the superior anti-avian defences of dietary specialist caterpillars (Lichter-Marck et al., 2015; Singer et al., 2014) . In contrast to this expected result, the conditional bias of ant predation towards dietary specialist caterpillars in the presence of birds was not anticipated by theory or previous experiments. These interactive effects of ants and birds on dietary specialists may be due to at least three, nonmutually exclusive mechanisms that deserve further study.
First, dietary specialist (but not generalist) caterpillars might have experienced risk enhancement by feeding in microsites or employing F I G U R E 4 Individual and combined effects of bird exclusion and ant exclusion on total caterpillar density. M ± SE total caterpillar density is shown in treatments of (left to right) dual exclusion, bird exclusion, ant exclusion and control. Text in the lower right corner indicates significant treatment effects as shown in Table 1 escape behaviours that provided protection from ants in the absence of birds, but not in the presence of birds. Losey and Denno (1998) described similar dynamics for foliage-foraging ladybird beetles that induced aphid escape behaviours, which in turn increased aphid vulnerability to predatory ground beetles (but see Schmitz, 2007) . (Tanhuanpää et al., 2001 ). More generally, ants are expected to bias their predation towards generalist caterpillars because previous studies show the unpalatability of dietary specialist caterpillars to predatory ants (Bernays, 1989; Bernays & Cornelius, 1989; Dyer, 1995 Dyer, , 1997 Dyer & Floyd, 1993 , but see Coley, Bateman, & Kursar, 2006) . Facing superior competition from birds for generalist caterpillar prey, ants in our study might have shifted their diet towards specialist caterpillar prey. The dietary specialist caterpillars we studied might have been more palatable to ants than caterpillars studied elsewhere, as most species in our system are not aposematic and presumably do not sequester plant secondary metabolites that would make them unpalatable to predators (Lichter-Marck et al., 2015) . Therefore, prey partitioning between birds and ants might have occurred based on herbivore diet breadth because visual defences, which drive bird predation patterns (LichterMarck et al., 2015) , and chemical defences, which drive ant predation patterns (Dyer, 1995) , are rarely linked in this caterpillar assemblage.
Regardless of the mechanisms for partitioning caterpillars by diet breadth, we conclude that caterpillar heterogeneity with respect to body size and diet breadth results in prey partitioning by birds and ants, strengthening top-down control of insect herbivores in this forest community. The overall additive effect of birds and ants on caterpillar suppression shows the role of prey heterogeneity in driving functional complementarity of two co-dominant predator groups.
Evidence here and elsewhere suggests that this complementarity stems from minimal predator-predator antagonism (intraguild predation and interference competition) as well as prey partitioning that limits exploitation competition . That some aspect of selective predation by ants was ecologically dynamic (i.e.
dependent on the presence of birds) shows contingency in the complementarity of vertebrate and arthropod insectivores, which could offset the potentially antagonistic MPEs generated by omnivory and intraguild predation characteristic of vertebrate predators in terrestrial communities Polis, 1991; Polis & Strong, 1996) . That this heterogeneity and partitioning occurred with respect to two ubiquitous axes of variation in herbivores suggests these dynamics may be common and underscores the importance of exploring other axes of herbivore heterogeneity.
